AlxGa,.=As is an important component of many highefficiency photovoltaic devices. This work shows that the hole lifetime of n-type Al,,,,Ga,,,As is controlled by impurity-oxygenrelated recombination centers with capture cross sections of about lot2 cmz when the films are grown at temperatures of 72OOC and lower. Correlated time-resolved photoluminescence and deep level transient spectroscopy measurements link these centers to well known impurity oxygen complexes. Film growth at temperatures above about 72OOC eliminates these oxygen complexes from the epitaxial layer resulting in greatly improved photovoltaic properties.
INTRODUCTION
AlxCa,.xAs grown by metalorganic chemical vapor deposition (MOCVD) plays an important role in photovoltaic (PV) devices. It is used as both a wide band-gap component in multijunction devices and as a passivation/confimement layer for GaAs cells. MOCVD growth appears to be the preferred method of device fabrication for numerous reasons. These include the speed of fabrication, ease of making multilayer structures, and ability to scaleup to large area. Previous work has indicated that "good," high lifetime AIKGa,.rAs must be grown at temperatures of 74OOC or higher. However, higher growth temperature produces interdiffusion problems that are undesirable. The ability to grow high-quality MOCVD AlxGa,.lAs at lower temperature would be very desirable for PV manufacturing technology. Here we investigated the defects by deep level transient spectroscopy (DLTS) in AlxGa,-xAs grown over a range of temperatures. Higher temperature growth appears to irradicate many of these defects from the film. Defect concentrations were correlated with minority-carrier lifetime measurements on the same films. This work showed that oxygen-related defects cause lifetime degradation and disappear with growth temperatures above about 720OC.
PREVIOUS WORK
Prior work has indicated that AlxGa,-xAs films grown by liquid-phase epitaxy [ 11 and by molecular beam epitaxy [2] have larger minority-carrier lifetimes than MOCVD-grown layers. Various compositions of AlxGa,.xAs are used in multijunction solar cells. The minority-carrier lifetime [3] is greatly improved by higher growth temperatures, and the concentration of recombination centers is believed t o be accordingly reduced. The source of these recombination centers is generally believed to be related to oxygen or water-vapor contamination. Our work was limited to alloys with x < 0.20 to avoid the complication of DX-center formation.
Numerous reports indicate that oxygen defects are introduced during MOCVD growth that are lifetime killers. These are electron traps and would not be expected to be recombination centers in n-type AlxGa,-xAs. This work will identify the recombination mechanism associated with these traps.
Electron traps with activation energies between 0.3-0.6 eV have been related to the presence of oxygen in AlGaAs and are highly sensitive to growth conditions [4, 5] . A negative correlation was found between luminescence efficiency and the density of these electron traps [6, 7, 8] in n-type material. Wallis and coworkers [7] deliberately introduced oxygen during MOCVD growth of Al,,,Ga,,,As and reported an oxygen-relateddeeplevel at 0.46 eV. Andre and coworkers 191 detected electron traps at about 0.3,0.5, and 0.8 eV in Al,,,,Gao,,,As, and the concentrations decreased with growth temperature. Sakamoto and coworkers [5] found two electron traps in undoped Al,,,,Ga,,,,and selenium-doped A&,,,Gao,9, that were not intentionally doped with oxygen. They labeled these the A (0.27-eV) and the B (0.41-eV) trap and found that the concentrations were always about equal. They found the ratio of photoluminescence (PL) intensity to donor density decreased with the concentration of A and B traps. Recently, Watanabe et. a1 [ 101 showed that an electron trap at 0.45 eV acted as an effective recombination center in the AlGaAs epilayer and reduced the current gain of heterojunction bipolar transistors (HBTs).
EXPERIMENTAL TECHNIQUES
In this report, we investigate electron traps in Se-doped, MOCVD-grown A10,,Gao,9As epitaxial fdms. The source materials for the Ga, Al. and As were trimethylgallium (TMG), trimethylaluminum (TMA), and liquid arsine(AsHJ respectively. This composition was chosen to avoid the complication of DXcenter formation on the data interpretation. All the films in this study were grown in a vertical MOCVD reactor using palladiumpurified hydrogen as the carrier gas. The films were grown at reduced pressure (13.33 kPa) [250Torr] using acanier flow of 6 1/ min. Hydrogen selenide (H,Se), diluted to 50 parts per million in purified hydrogen. was the n-type dopant source in all growths. Substrates were (100)-orientedGaAs wafers, that weremountedon an inductively-heated, silicon-carbide-coated graphite susceptor.
The growth temperatures were 660°, 70O0, 720", and 780°C.
Correlated measurements were made using DLTS and time-resolved photoluminescence (TRPL). Some secondaey ion mass spectroscopy (SJMS) measurements were made on selected films. Even though oxygen was not intentionally added, it was detectable by SIMS for films grown at 660OC. No detectable oxygen was found by SIMS in samples grown at the higher temperatures.
The epitaxial structure designed for this study is adouble heterojunction (DH). A1,,,Ga0,As, grown 2-to 5-um-thick, is the active layer and sandwiched between thin A1,,8Ga,,As confinement layers. Doping densities in the active layers range from 1-2 x 10'' ~m -~, determined from capacitance-voltage (C-V) measurements. After growth, the DH structures are scribbed into two pieces, one for DLTS measurements and the other for photoluminescence (PL) measurements. No further processing is needed for the PL sample. For samples intended for DLTS work, the top A1,,,Gao,As is removed selectively by wet-chemical etching with peroxide/ammonium hydroxide solutions. Gold dots are deposited on the Ai, ,Ga,,As surfaces to form Schottky barriers. Hence, the same active layer is examined by both PL and DLTS. Minorityand majority-carrier traps are determined from DLTS. Minoritycarrier lifetime is extracted from TRPL. Thus the same active layer is investigated by both techniques in order to correlate distinct traps with minority-carrier lifetime.
No minority-carrier traps were found directly by the DLTS technique, indicating that the former lie well above the valence band. Our measurements indicated fairly large concentrations of majority-carrier, electrons traps that we labeled A, B, and C for epi-layers grown at 660°C. These are apparently the same traps found by Sakamoto [5] and by Wanatabe [lo] . Some representative DLTS data, from three different samples, are shown in Fig. 1 , with the rate window set to 23.25 s-I. Sample #1562 had only A-centers, #1366 had only B-centers, and#1638 had only Ccenters. Our work indicates that the relative concentration of the three traps varies from sample to sample. Most of our samples contained only one of these three types of centers. The defect concentration in each sample is shown in the table, and they vaned from about 2 x lot4 to 3 x 10'' cm-j.
By doing a temperature scan with seven different rate windows, an Arrenhius plot was generated for each of the defects. This plot is shown in Fig. 2 for the three samples of Fig. 1 . The energy levels are 0.32 eV (A trap), 0.46 eV (B trap), and 0.56 eV (C trap) for x = 0.10. The C-V measurements indicate that these low-temperature films are partially compensated. The A, B, and C traps all have the common property of capture cross sections less than lozo cm2, as described in the next section. Several deeper electron traps, with large cross sections (l0-l6 cm-2), are occasionally found in the 0.65 eV to 0.90 eV range, but these do not appear to be recombination centers. 
CAPTURE CROSS SECTION AND DOUBLE ACCEPTOR MODEL
Capturecrosssection measurementsweremadeon the A, B, and C traps as a function of temperature. The standard technique for measuring the capture cross section, o, is to measure AC versus the filling-pulse width, t,, and fit the following expression to the data Here, n is the free-electron density, v,, is the thermal velocity, and sn is the electron-capture cross section.
In our measurements, rather long pulses (0.2 to 1 .Oms ) were required to saturate the DLTS signal DC. The data for the A and B given by Eq. 1. Figure 3 shows capture rate data for the B trap at a sample temperature of 232 K. Curve 1 is the best fit to the data using Eq. 1. The data could be accurately fitted with a model that assumes that two electrons are sequentially captured by the center [ 111. One can write a set of coupled differential rate equations assuming that the trap may contain no electrons, (No), one electron (NI), or two electrons (NJ. Using c1 and cz as the capture rates for one and two electrons, respectively, one finds that cI = n v,, sI and cz = n vth sz. The boundary conditions are NI and N, = 0 at t = 0 and N,+N, +N,=N,,the totalnumberoftraps. Thesolutionsareeasily found by application of Mathematica [ 121 to the coupled differential equations. The total electronic charge on the centers is simply NI + 2N,. The charge density per trap is shown to be
In Figure 1 , Curve 2 is a fit of Eq. 3 to the experimental data, and the fit is very good. The parameters coming out of this fit are These very small cross sections are characteristic of the A-, B-, and C-centers and indicate a repulsive, electrostatic potential. The repulsive nature is verified by measuring these capture cross sections versus temperature and finding that o is thermally activated, increasing with temperature. The capture cross section versus temperature is fit with the function in Fig. 4. 
o,(T) = o , exp(-E, I K T )
Here 0. is the capture cross section at infinite temperature, and E, is the repulsive barrier height. For the B-center, the barrier height for the first electron is 71 meV; for the second electron, it is 142 meV. This measurement is consistent with the doubleacceptor model, and the repulsive barrier height increases with the addition of the first electron.
In the neutral regions of the n-type material, the A and B traps are negatively charged with two electrons. As the low temperature capture cross section is very small (-10"" cm2) for the first electron, the unoccupied trap must be negatively charged. Therefore, the fully occupied trap must have a negative charge of at least -3q, where q is the electronic charge. Consequently, the traps have an attractiveCoulombpotential for holes and, therefore, have a very large capture cross section. This contention is verified by PL lifetime measurements on the same films. A strong inverse correlation between A-, B-, and C-trap concentrations and the PL lifetime is shown in Table 1 . The relationship between PL lifetime and minority-carrier lifetime has been explained in the literature [131.
PHOTOLUMINESCENCE LIFETlME
This work indicated an inverse correlation between the hole lifetime and the density of A-. B-, and C-type electron traps. These data are shown in the 
RECOMBINATION THEORY
In order for the lifetime data to be compatible with a model with the A, B, or C traps acting as recombination centers, one must consider the recombination theory for such processes. The very large cross section deduced from the lifetime data must be compatible with amodel involving the attractive potential for holes of the Acenter. Lax has developed a theory [ 141 of cascade capture of electrons or holes by impurity levels in semiconductors. This model was expanded by Gibbs and coworkers [ 151 and applied to defect centers in GaP For impurity centers with a Coulomb attractive potential, the model describes electron capture in excited-effective-mass states with binding energies greater than the thermal energy. As the sample is cooled, the capture rate in higherlying Rydberg levels increases If therelaxation to theground state is independent of temperature, the cross section vanes as Here, Ec is the binding energy of the highest excited capture state. Anexampleofthe aboveis aradiativetransition to theground state. In this case, the inverse of the minority-carrier lifetime therefore varies as [ 13) 1
Here, A is a constant; Nt is the trap density. The temperature dependence of the thermal velocity (v,) produces the T " dependence in Eq. 8.
When the cascade process is temperature dependent, such as for multiphonon emission, Eq. 8 is modified as
Here, E, is the thermal activation energy of the cascade process.
In either case, the minority-carrier lifetime decreases exponentially with temperature. Figure 6 is a plot of the PL lifetime versus temperature for a devic grown at 720°C. We have seen that such devices have small concentrations of A, B, or C centers that influence the lifetime. We see that the lifetime behaviors follows Eq. 8 with two different activation energies over the measured temperature range. A detailed analysis of these data indicate that two excited states are active over the indicated temperature range and the behavior is described by the Lax model [ 141.
One can make an estimate of the binding energy and capture radius by using a simple Rydberg, effective mass model. Using these data, CT, was calculated as 4.6 x 1@'* cm', and the simple model gives an order of magnitude agreement with the data.
CHEMICAL BASIS OF DOUBLE ACCEPTOR FORMATION
The A, B, and C centers are not found in GaAs, suggesting that the double acceptor contains both aluminum and oxygen. Wallis and coworkers [7] concluded that a deep acceptor is formed from an AI-0 complex. We believe that the source of the oxygen is from residual contamination of most TMA sources. Because TMAexists as adimer atroom temperature, wecanconceiveoftwo possible configurations that are the source of the three traps. The oxygen may insert between an AI-C bond, forming an AI-0-C complex, or oxygen may bridge the two AI atoms in the dimer, forming an AI-0-AI complex. The A1-0 bonds are quite stable. having a bond energy of about 400 cal/mole, and only at high growth temperatures are A1-0 concentrations reduced in AlGaAs loooo - grown by MOCVD. This is consistent with our SIMS results and the lack of reported successful MOCVD-grown AlGaAs PV devices (and other minority-carrier devices) using TMA and lowgrowth temperatures. Our experimental techniquedoes notdistinguish among these different chemical models.
CONCLUSION
DLTS studies on n-Al,,,,G~,,,,As grown by MOCVD show the presence of three different centers that act like double acceptors. The bindingenergyofthesecenterscorrespondsto that found by other workers after the intentional addition of oxygen. The density of these centers decreases with increasing growth temperature. Oxygen is detectable by SIMS analysis for films grown at the lowest temperature of 66OOC. These centers have a repulsive cross section for electrons. By contrast, they have a huge cross section for holes, with room-temperature cross sections greater than 1 x lo'* cm'. The temperature dependence of the hole lifetime is indicative of hole capture by Rydberg-like, excited states. This capture is followed by a phonon cascade process to the ground state, resulting in hole annihilation. The key to making high lifetime AlI;Ga,.Js at lower growth temperature appears to be removing oxygen impurity from the contaminated starting materials used for MOCVD growth.
